Spiroscytalin (1), a new tetramic acid that possesses an uncommon spiro-ring fusion between a polyketide-derived octalin ring system and a 2,4-pyrrolidinedione, along with two known compounds, leporin B (2) and purpactin A (3), were isolated from a solid phase culture of the fungus Scytalidium cuboideum (MSX 68345). The molecular connectivity of 1-3 was determined using NMR spectroscopy and mass spectrometry. The relative configurations of 1 and 2 were determined by NOESY experiments. The absolute configuration of 1 was determined by electronic circular dichroism (ECD) via a combination of experimental measurements and computational calculations. While leporin B was known, it displayed activities that had not been reported previously, including cytotoxicity against three human tumour cell lines and antibacterial activity against Candida albicans and Staphylococcus aureus.
Introduction
Ongoing studies on filamentous fungi as a source of anticancer leads 1, 2 has provided our team with a view of the broad structural diversity that can be uncovered. 3 Natural products from mixed biogenetic origin 4, 5, 6, 7, 8 add to this chemical diversity, as they result from the merging of precursors from two distinct biosynthetic pools (i.e., acetylCoA and amino acids). Tetramic acids 6 represent a good example, due to their heterocyclic 2,4-pyrrolidinedione ring system, and this compound class has displayed a variety of biological activities, ranging from HIV-1 integrase inhibitors 5 to antibacterial and antifungal activities 4 to cytotoxicity. 6 These activities, in turn, have spawned further interest in discovering new members of the class 9, 10 and paved the way for synthetic studies of natural products 11, 12, 13 and derivatives thereof. 14, 15, 16 A bioactivitydirected purification study on a solid phase culture of Scytalidium cuboideum (MSX 68345) afforded three bioactive compounds, two of which were of mixed biogenetic origin. The new compound, spiroscytalin (1) , was from the tetramic acid class, while one of the known compounds, leporin B (2), was an N-hydroxy-2-pyridone alkaloid; 8, 17 the other known compound was purpactin A (3).
Results and discussion
Compound 1 was assigned the molecular formula C22H27NO2 via HRESIMS data (m/z338.2113 for [M+H] + ), establishing an index of hydrogen deficiency (IHD) of 10. The 1 H NMR data ( Table 1 , Fig. S1 ) showed resonances for a monosubstituted aromatic ring (δH7.22-7.35 for H-17 to H-21) as well as a methylene unit (δH 3.35 and 2.51 for H2-15) connected to it by virtue of HMBC correlations, suggestive of a phenylalanine moiety. Two olefinic protons were also observed (δH 5.77 and 5.34 for H-12 and H-13, respectively) as well as five methine protons (δH 3.78, 2.28, 1.90, 2.46, and 2.73 for H-3, H-6, H-7, H-11, and H-14, respectively), six more methylene protons (δH 1.38, 1.27; 1.49×2; and 1.78, 1.55 for H2-8, H2-9, and H2-10, respectively), and two methyl groups that were each doublets (δH 1.13 and 0.89, for CH3-7 and CH3-14, respectively). Finally, one NH proton was observed at δH 6.41. The 13 C NMR data (Table 1) showed resonances for 22 carbons, supportive of the molecular formula, including signals for a ketone carbonyl (δC 212.2 for C-4), an amide/ester carbonyl (δC 177.2 for C-1), eight aromatic and olefinic carbons (δC132.5, 126.2, 136.6, 129.0×2, 129.3×2, and 127.5 for C-12, C-13, C-16, C-17/C-21, C-18/C-20, and C-19, respectively), one nitrogen bearing carbon (δC 64.2 for C-3), one sp 3 quaternary carbon (δC 59.0 for C-5), four methine carbons (δC 43.8, 30.2, 31.6, 38.0 for C-6, C-7, C-11 and C-14, respectively), four methylene carbons (δC 28.5, 19.6, 27.6 and 38.5 for C-8, C-9, C-10, and C-15, respectively), and two methyl carbons (δC 21.4 and 16.2 for CH3-7 and CH3-14, respectively). COSY correlations from H-6 to H-7 and H-11, from H-11 to H-10 and H-12, from H-7 to CH3-7, and from H-14 to CH3-14, helped set-up the octalin (octahydronaphthalene) ring system (Fig. 1A) . Moreover, COSY correlations from the NH proton to H-3, and COSY correlations, as well as coupling constants, between H2-15 and H-3 established the tetramic acid moiety. The key HMBC correlations (Fig. 1A) from the NH proton to C-5 and C-15, from H-6 to C-1, C-4, C-3, C-7, CH3-7, C-10, and C-11, from H-13 to C-5, C-11, C-14, and CH3-14, as well as from CH3-14 to C-5, C-13, and C-14, suggested the spiro-ring juncture at C-5 between the octalin ring system and the 2,4-pyrrolidinedione ring system. The latter was a common structural motif in tetramic acids, of which many examples reside in the literature. 6 Although uncommon, the spiro-ring fusion between a polyketide-derived octalin ring system and a 2,4-pyrrolidinedione ring system has precedent in a few compounds, such as spylidone 7 and delaminomycins. 18 Compound 1was ascribed the trivial name spiroscytalin. Solving the relative configuration of 1 was somewhat challenging, leading to two possibilities (structures 1 or 4) that could fit the data. Due to overlapping signals in the 1 H NMR spectrum, many of the J-values were not informative. However, a coupling constant of 6.3 Hz between H-6 and H-11 suggested a cis-fused octalin ring system, 19 and this was confirmed by a strong NOESY correlation between these two protons (Fig. 1B) . Strong NOESY correlations were also observed between H-6 and H-14, indicating a 1,3-pseudodiaxial relationship. A proton decoupling experiment was performed to confirm the J-value between H-6 and H-7. Irradiation of H-11 resulted in H-6 remaining as a broad doublet (J=5.2 Hz), indicating a gauche relationship between H-6 and H-7; this finding was supported by a strong NOESY correlation between H-6 and CH3-7. The configuration at C-7 was enabled by a NOESY correlation between CH3-7 and H-11, indicative of a 1,3-diaxial relationship. Finally, a NOESY correlation between H-3 and CH3-14 suggested that they were on the same face of the molecule. At this stage, diastereomers 1 and 4 were both consistent with these NMR data, as were their respective enantiomers. Presumably, the configuration of the 2,4-pyrrolidinedione ring system depended upon whether an l-or d-phenylalanine was incorporated in the molecule.
Compound 1 exhibited an UV profile similar to spylidone, 7 and tetramic acids such as equisetin, 5 phomasetin, 5 and coniosetin 4 have been shown to display consistent circular dichroism spectra. Thus, electronic circular dichroism (ECD) calculations were carried out to assign the absolute configuration using density functional theory (DFT). 20, 21, 22, 23 Given the aforementioned relative configuration considerations, two distinct diastereoisomers were possible, either the 3R,5S (1) or 3S,5R (4). The respective enantiomers of these structures are also possible based on the data obtained, however, only structures 1 and 4 were utilized in the calculations since the ECD spectra would simply be antipodal for their enantiomers. Thus, a Monte Carlo conformational search, utilizing the MMFF94 molecular mechanics force field within a 5 kcal/mol energy window, led to three minimum conformers for each diastereoisomer. Reoptimization of the geometries of all conformers using DFT at the B3LYP/DGDZVP level, as implemented in the Gaussian 09 software, lead to the relative free energies and equilibrium Boltzmann-weighted populations of the diastereoisomeric series incorporating either 3R,5S-1 or 3S,5R-4 ( Fig. 2 and Tables S1 and S2). For further verification, calculations were also performed for the 3S,5S and 3R,5R diastereoisomers (data not shown); these two possibilities were ruled out because a NOESY correlation would not be possible from H-3 and CH3-14. The three energy minimized conformers for the 1 and 4 series were submitted to ECD calculations by timedependent density functional theory (TDDFT) at the B3LYP/DGDZVP level, considering the lowest 15 excited states with the CPCM solvent model for MeOH. The resulting ECD spectra for each series were energetically Boltzmann-weighted according to their respective conformational distribution and compared with the experimental ECD spectrum ( Fig. 3 and Tables S1 and S2). The experimental ECD spectrum (Fig. 3 ) displayed a positive Cotton effect (CE) in the region of 210-230 nm and a negative CE in the region of 260-300 nm. These data were in good agreement with the CE calculated for the 1 series. Therefore, the independent TDDFT calculation method supported the absolute configuration of 1 as (3R,5S,6R,7S,11R,14S), suggesting the incorporation of l-phenylalanine, which was consistent with biosynthetic considerations. + ), establishing an IHD of 11. The 1 H and 13 C NMR data ( Fig. S2 ) of 2 matched that of a known compound leporin B, 17 which is a 2-hydroxy-4-pyridone alkaloid and also of mixed biogenetic origin. 6 Originally isolated from an unidentified fungal strain, 2 was reported as a transcription activator of hexokinase II gene, a possible target for the treatment of type 2 diabetes. 24 We attempted to determine the absolute configuration of 2 via crystallography by making a bromobenzoyl analogue. However, this was unsuccessful due to paucity of material and the complex reactivity of the hydroxamate relative to a simple alcohol. Thus, relative configuration is shown for 2.
Fig. 3.
Comparison of the experimental ECD spectrum of 1 with the calculated ECD spectra of (3R,5S)-1 (1a-c series) and (3S,5R)-4 (4a-c series).
Compound 3 was ascribed a molecular formula of C23H26O7 based on HRESIMS data (m/z437.1563 for [M+Na] + ), indicating an IHD of 11. The 1 H (Fig. S3 ) and 13 C NMR and optical rotation data of 3 were in excellent agreement with those reported for purpactin A. 25 Purpactin A was first isolated from Penicillium purpurogenum and was reported to be an inhibitor of acylCoA:cholesterol acyltransferase. 25 Compounds 1-3 were tested against three human tumour cells lines (Table 2) . Compounds 1 and 3 were moderately active in the human tumour panel (i.e., IC50 values between 10 and 20 μM against all cell lines). The biological activity of the crude extract was likely due to leporin B (2), which displayed potent, sub μM activity against all three cell lines; cytotoxicity for 2 had not been reported previously. All three compounds were also tested for antimicrobial activity, and 2 showed strong activities against Candida albicans and Staphylococcus aureus (with MIC values of 6.25 and 25 μg/mL, respectively). Studies are ongoing to increase the supply of 2, such that it can undergo more advanced testing. 
Conclusion
A series of compounds of mixed biogenetic origin were isolated and characterized from a fungal culture, including a new tetramic acid analogue (1) . The biological activities were most promising for the known, yet sparsely studied fungal metabolite, leporin B (2). The biosynthetic machinery utilized by the fungus to produce such compounds is intriguing, especially from the standpoint of future studies to optimize the production of 2 and/or generate analogues via epigenetic manipulation of the growth conditions.
Experimental

General experimental procedures
UV spectra and optical rotations were acquired on a Varian Cary 100 Bio UV-vis spectrophotometer and a Rudolph Research Autopol III polarimeter, respectively. NMR spectra were recorded on JEOL ECA-500, operating at 500 MHz for 1 H and 125 MHz for 13 C. HRESIMS was performed on a Thermo LTQ Orbitrap XL mass spectrometer equipped with an electrospray ionization source. HPLC was carried out using a Varian Prostar HPLC system equipped with ProStar 210 pumps and a Prostar 335 photodiode array detector, with data collected and analyzed using Galaxie Chromatography Workstation software (version 1.9.3.2). For preparative HPLC, a YMC ODS-A (5 μm; 250×20 mm) column was used with a 10 mL/min flow rate; for the semi-preparative HPLC, a YMC ODS-A (5 μm; 250×10 mm) column was used with a 5 mL/min flow rate; for analytical HPLC, a YMC ODS-A (5 μm; 150×4.6 mm) column was used with a 1 mL/min flow rate (all from Waters). For analytical HPLC, a MetaTherm HPLC column temperature controller (Varian) maintained the temperature at 30 °C.
Producing organism and fermentation
Mycosynthetix fungal strain MSX 68345 was isolated by Dr. Barry Katz of MYCOsearch in 1993 from leaf litter from a hardwood forest. The entire nuclear ribosomal ITS spacer region (ITS1-5.8S-ITS2) 26 and first 600 bp of the nuclear ribosomal Large Subunit (LSU) rRNA gene were sequenced using methods outlined previously. 27 Prior to BLAST search, the ITS region was edited using recent guidelines for establishing authenticity and reliability of ITS sequence data. 28 A BLAST search with the NCBI GenBank database using the ITS region revealed close identity with isolates of S. cuboideum (GenBank AB213451; Identities=599/613 (98%), Gaps=11/613; GenBank AB213444.1; Identities=595/612 (97%). Gaps=13/612). S. cuboideum represents a new name for a previously described fungus (Arthrographis cuboidea) based on recent phylogenetic analyses using SSU, ITS and RPB2 sequences. 29, 30 To confirm the identification of MSX 68345 using BLAST search, a Maximum Likelihood (ML) analysis was performed using RAxML. 31 The combined ITS and LSU sequence of MSX 68345 was subjected to a BLAST search and aligned with taxa with highest affinity from the GenBank BLAST search as well as with other searches implemented through the Fungal Barcoding project (http://www.fungalbarcoding.org/). The ML analysis indicated that MSX 68345 was phylogenetically related to a clade consisting of several isolates of S. cuboideum, including the type strain (CBS 241.62; AB213451, GQ272628) with strong ML bootstrap support (Fig. S4) . Based on results obtained through BLAST search and phylogenetic analysis, MSX 68345 was identified as S. cuboideum(Helotiales, Leotiomycetes, Pezizomycotina, Ascomycota). The combined ITS-LSU sequence was deposited in GenBank (Accession No. KR920748).
The culture was stored on a malt extract slant and was transferred periodically. A fresh culture was grown on a similar slant, and a piece was transferred to a medium containing 2% soy peptone, 2% dextrose, and 1% yeast extract (YESD media). Following incubation (7 d) at 22 °C with agitation, the culture was used to inoculate 50 mL of a rice medium, prepared using rice to which was added a vitamin solution and twice the volume of rice with H2O, in a 250 mL Erlenmeyer flask. This was incubated at 22 °C until the culture showed good growth (approximately 14 d). The scale up culture was grown in a 2.8 L Fernbach flask containing 150 g rice and 300 mL H2O and was inoculated using a seed culture grown in YESD medium. This was incubated at 22 °C for 14 d.
Extraction and isolation
To the large scale solid fermentation was added 500 mL of 1:1 MeOH/CHCl3. The mixture was shaken for 24 h, filtered, and CHCl3 and H2O were added to generate a biphasic solution of 4:1:5 (CHCl3:MeOH:H2O). The solution was stirred for 2 h, transferred to a separatory funnel, and the organic (lower) layer was removed. This organic extract was evaporated and defatted by partitioning between hexanes and CH3CN (1:1). The CH3CN partition (494 mg) was fractionated via flash chromatography using silica gel via a hexanes/CHCl3/MeOH gradient to afford six fractions. Fraction four (46.5 mg), which eluted with 0-5% MeOH in CHCl3 over 18 min, was separated further by reversed-phase HPLC (20:80-100:0% CH3CN-H2O over 100 min) to obtain eight fractions. Fraction two yielded purpactin A (3; 8.0 mg), fraction three yielded the new compound spiroscytalin (1; 2.4 mg), and fraction four yielded leporin B (2; 6.5 mg). Two more scale-ups of the same extract were processed in the same way outlined above to obtain the same compounds with the following combined yields: Compounds 1 (7.5 mg), 2 (20 mg), and 3 (16 mg). 
Spiroscytalin (1)
Computational methods
Theoretical calculations of TDDFT ECD spectra for compound 1 were performed with the Gaussian'03 program package. 32 Geometry optimizations for diastereoisomers 1 and 4were carried out using the MMFF94 molecular mechanics force field calculations as implemented in the Spartan'08 program. A Monte Carlo search protocol 33 was carried out considering an energy cutoff of 5 kcal/mol, and this generated two sets of conformers, which were made up of three conformers each (1a-1c and 4a-4c; Fig. 2) . In each case, the minimum energy structures were filtered and checked for duplicity. No additional minimum energy structures were found. The conformers were optimized by DFT calculations at the B3LYP/DGDZVP level of theory, and thermochemical properties, IR, and vibrational analyses were performed at the same level. The self-consistent reaction field method (SCRF) with conductor-like continuum solvent model (COSMO) was employed to perform the ECD calculation of all conformers of 1-and 4-series in MeOH with the same basis set. The calculated excitation energy (in nm) and rotatory strength R in both dipole velocity (Rvel) and dipole length (Rlen) forms were simulated into an ECD curve by using the following Gaussian function:
where σ was the width of the band at 1/e height, and Ei and Ri were the excitation energies and rotatory strengths for transition i, respectively. σ=0.40 eV and Rvel were used.
Cytotoxicity assay
The cytotoxicity measurements against MCF-7 34 human breast carcinoma (Barbara A. Karmanos Cancer Center, Detroit, MI), NCI-H460 35 human large cell lung carcinoma (HTB-177, American Type Culture Collection, Manassas, VA), and SF-268 36 human astrocytoma (NCI Developmental Therapeutics Program, Frederick, MD) cell lines were performed as described previously. 37 
Antimicrobial assay
The compounds were screened for antimicrobial activity using an agar plate diffusion assay as described previously. 
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